Nobata S, Takei Y. The area postrema in hindbrain is a central player for regulation of drinking behavior in Japanese eels. Am J Physiol Regul Integr Comp Physiol 300: R1569 -R1577, 2011. First published March 30, 2011 doi:10.1152/ajpregu.00056.2011It is recognized that fish will drink the surrounding water by reflex swallowing without a thirst sensation. We evaluated the role of the area postrema (AP), a sensory circumventricular organ (CVO) in the medulla oblongata, in the regulation of drinking behavior of seawater (SW) eels. The antidipsogenic effects of ghrelin and atrial natriuretic peptide and hypervolemia and hyperosmolemia (1 M sucrose or 10% NaCl) as well as the dipsogenic effects of angiotensin II and hypovolemia (hemorrhage) were profoundly diminished after AP lesion (APx) in eels compared with sham controls. However, the antidipsogenic effect of urotensin II was not influenced by APx, possibly due to the direct baroreflex inhibition on the swallowing center in eels. When ingested water was drained via an esophageal fistula, water intake increased 30-fold in sham controls but only fivefold in APx eels, suggesting a role for the AP in continuous regulation of drinking by SW eels. After transfer from freshwater to SW, APx eels responded normally with an immediate burst of drinking, but after 4 wk these animals showed a much greater increase in plasma osmolality than controls, suggesting that the AP is involved in acclimation to SW by fine tuning of the drinking rate. Taken together, the AP in the hindbrain of eels plays an integral role in SW acclimation, acting as a conduit of information from plasma for the regulation of drinking, probably without a thirst sensation. This differs from mammals in which sensory CVOs in the forebrain play pivotal roles in thirst regulation. dehydration; ghrelin; angiotensin; circumventricular organ; thirst IN VERTEBRATES, COMPOSITION and volume of the extracellular and intracellular fluids is regulated by behavioral and physiological mechanisms that have been obtained over the course of evolution. Osmoregulators maintain osmolality of the extracellular fluid near a set point value regardless of environmental conditions, which is achieved by balancing the gain and loss of water and ions (3). Among the vertebrate osmoregulators, it is the fishes whose extracellular fluid osmolality is most influenced by the environment, since, either in freshwater (FW) or seawater (SW), they are in direct contact with the environmental medium via respiratory epithelia. In regard to water regulation in FW fishes, excretion is more important than ingestion as FW fishes face constant osmotic gain of water. In contrast, fishes in SW have to drink water constantly to compensate for the osmotic loss of water across body surfaces (5, 11, 34) . In fact, eels that are prevented from drinking die of severe cellular and extracellular dehydration 5 days after SW transfer (38). Previous findings indicate that regulation of drinking is crucial for survival of teleost fishes in SW and that euryhaline fishes, such as eels, should have a particularly well-developed regulatory system for drinking.
IN VERTEBRATES, COMPOSITION and volume of the extracellular and intracellular fluids is regulated by behavioral and physiological mechanisms that have been obtained over the course of evolution. Osmoregulators maintain osmolality of the extracellular fluid near a set point value regardless of environmental conditions, which is achieved by balancing the gain and loss of water and ions (3) . Among the vertebrate osmoregulators, it is the fishes whose extracellular fluid osmolality is most influenced by the environment, since, either in freshwater (FW) or seawater (SW), they are in direct contact with the environmental medium via respiratory epithelia. In regard to water regulation in FW fishes, excretion is more important than ingestion as FW fishes face constant osmotic gain of water. In contrast, fishes in SW have to drink water constantly to compensate for the osmotic loss of water across body surfaces (5, 11, 34) . In fact, eels that are prevented from drinking die of severe cellular and extracellular dehydration 5 days after SW transfer (38) . Previous findings indicate that regulation of drinking is crucial for survival of teleost fishes in SW and that euryhaline fishes, such as eels, should have a particularly well-developed regulatory system for drinking.
Drinking behavior is controlled by integrated neural and humoral signals originating from the central nervous system and periphery, and many signals such as hormones, osmolality, blood pressure, and volume influence drinking behavior in teleosts (2, 39) . It is generally observed that vasodepressor hormones are dipsogenic and vasopressor hormones are antidipsogenic in eels, probably through baroreflex mechanisms (13, 25) . Although most hormones fall into these categories, exceptions are angiotensin II (ANG II) and atrial natriuretic peptide (ANP); ANG II is a vasopressor but dipsogenic, and ANP is a vasodepressor but antidipsogenic. ANG II is the best known dipsogenic hormone in almost all vertebrates thus far examined, and exogenous ANG II induces drinking when injected peripherally and centrally into teleost fishes including eels (25, 34, 35) . Although ANP is not found in some teleosts, reptiles, and birds, it is antidipsogenic in mammals and teleosts (40) . Infusion of ANG II and ANP into eels dose dependently increased and decreased water intake, respectively, without an effect on blood pressure (41, 42) . In addition to hormones, hypovolemic stimulus (hemorrhage) induced drinking (11) , but hyperosmotic stimulus (injection of hypertonic solutions) inhibited drinking (36) in eels. The hypovolemic stimulus may be mediated by the renin-angiotensin system (1), while hyperosmotic stimulus may be, in part, attributable to the release of ANP from the heart (18, 21) . These hormones would have access to the brain loci located outside the blood-brain barrier (BBB), and the signals would then be transmitted via the neural network that regulates swallowing, the final step of drinking behavior. However, little is known in teleosts about the site of action of circulating hormones, the exception being the action of ANP on the area postrema (AP) located in the medulla oblongata (44) .
In mammals and birds, it has been confirmed that the subfornical organ (SFO) and organum vasculosum of the lamina terminalis (OVLT) in the forebrain are the sites of action of circulating hormones for drinking, including ANG II and ANP (29) . However, these sensory circumventricular organs (CVOs) have not been anatomically identified in fishes. Evans blue dye injected intraperitoneally did not stain loci comparable to the SFO and OVLT in eels (31, 44) but stained the AP, another CVO located in the distal end of the medulla oblongata, indicating the lack of BBB in this region. The AP is a possible site of action of circulating hormones in eels for the following reasons: 1) eels without the forebrain and midbrain drink normally during SW adaptation (10) and in response to peripheral ANG II (35) ; 2) ANG II and ANP injected into the fourth ventricle near the AP exerted dipsogenic and antidipsogenic actions, respectively, in eels (24); and 3) AP lesioning diminished the antidipsogenic action of ANP injected peripherally (44) .
Accumulating evidence suggests that the AP may be an important regulatory site that integrates drinking behavior in teleost fishes; however, thus far only ANP has been shown to have an effect on the AP (44) . The aim of this study is to evaluate the role of the AP in regulation of drinking induced by various stimuli. Initially, the effects of AP lesion (APx) on regulation of drinking by various circulating hormones [ANG II, ghrelin, ANP, and urotensin II (UII)] and by osmotic/ volemic alterations were examined using conscious, cannulated SW-acclimated eels. The role of the AP on drinking was then further evaluated in SW eels that were prevented from drinking. SW eels prevented from drinking experience cellular and extracellular dehydration (absolute dehydration), a condition that mimics water deprivation in terrestrial animals. Finally, eels with APx were transferred from FW to SW to evaluate the role of the AP in naturally occurring drinking during the course of acclimation to SW.
MATERIALS AND METHODS
Animals. Cultured eels, Anguilla japonica, weighing ϳ200 g were purchased from a local dealer. They were acclimated in FW or SW without feeding for Ͼ 1 and 2 wk before use, respectively. A total of 87 eels were used in this study. Water in the tank was filtered, aerated, and maintained at 18°C. All animal experiments described in this paper were approved by the Animal Experiment Committee of the University of Tokyo and were performed in accordance with the Manual for Animal Experiments prepared by the committee.
Surgical procedure: lesioning of the AP. AP lesioning and cannulation were performed according to the method reported previously (37, 44) . Briefly, eels were anesthetized in 0.1% (wt/vol) tricaine methanesulfonate (Sigma, St. Louis, MO) for 15 min and placed on an operation board for surgery. The skin was incised along the occipital region and the skull was exposed by removing the attached muscle. A hole of ϳ1 mm in diameter was made using a drill (Nakanishi, Tochigi, Japan), and the arachnoid membrane was carefully removed so as not to break the blood vessels. The AP was surgically lesioned using an electric cautery instrument (Surgitron EMC; Ellman, Oceanside, NY). After lesioning, the hole was closed using spongel (Yamanouchi, Tokyo, Japan) and bone wax (Lukens, Albuqueque, NM), and the skin was sutured. Eels subjected to the same surgical procedures without lesioning served as sham controls. Subsequently, the dorsal aorta was cannulated with a polyethylene cannula (0.8 mm OD) for injection of hormones, volemic and osmotic stimuli, and blood collection. Vinyl cannulae (2.0 mm OD) were then inserted into the esophagus and stomach; the former was used for measurement of drinking rate by counting the drops that fall from the tip, the latter for reintroduction of ingested water into the stomach by pulse injector synchronized with the drop counter (37) . Fifty percent SW was reintroduced as ingested water is desalinated during the passage through the esophagus (12) . For water restriction, the pulse injector was turned off to stop reintroduction into the stomach (see below). After surgery, eels were placed in a plastic trough through which aerated water was circulated at 18°C. Water intake was recorded by a water balance monitoring system (model MTS00658; Medical Try System, Tokyo, Japan).
Physiological study: peripheral injection of hormones and osmotic and volume stimuli. Physiological studies were initiated from at least 3 days following surgery using sham controls (n ϭ 9) and APx eels (n ϭ 9) except for hypovolemia (17 and 15 eels in sham controls and APx eels, respectively) for the reason mentioned in RESULTS. ANP, ghrelin, human UII, or ANG II in 50 l of 0.9% NaCl containing 0.1% Triton-X were injected through the cannula in the dorsal aorta at doses of 0.1 nmol/kg, except for ANG II, which was 5.0 nmol/kg. As osmotic stimulus, 50 l of 10% (ϳ1.7 M) NaCl and 150 l of 1 M sucrose were injected in ϳ10 s. Injection volume was increased for sucrose because of the high viscosity of the concentrated solution. To adjust the injection volume, 150 l of vehicle (0.9% NaCl containing 0.1% Triton-X) was injected as control. In addition, injection of 1.0 ml of saline (0.9% NaCl) or hemorrhage of 1.0 ml was performed as hypervolemic and hypovolemic stimuli. Each treatment was immediately followed by an injection of 50 l of saline to flush the dead volume of the cannula. Treatments were performed for 3 days in the order of saline, ANP, ghrelin, 10% NaCl (1st day); and UII, 1 M sucrose, hypervolemia (2nd day); and ANG II and hypovolemia (3rd day). Injection intervals were set Ͼ 2 h apart to ensure reproducible responses.
Drain of ingested water for induction of hypovolemia and hyperosmolality. To induce hypovolemia (extracellular dehydration) and hyperosmolality (cellular dehydration) using sham controls (n ϭ 8) and APx eels (n ϭ 7), the reintroduction of 50% SW into the stomach was stopped, and ingested water was drained from the system. Fishes were deprived of imbibed water for the following 24 h after which fluid was again reintroduced to the stomach. Blood was sampled from the aortic cannula for measurement of hematocrit and plasma osmolality 0, 6, 12, 24 h after the start of the drainage period, and 1, 6, 12, and 24 h after the start of reintroduction. Water intake was recorded from the next day after surgery to the last day of the experiment. Plasma osmolality was measured in a vapor pressure osmometer (model 5520, Wescor, Logan, UT).
FW-SW transfer experiment. On the third day after surgery of FW eels, water in the trough was changed from FW to SW (n ϭ 11 for both sham controls and APx eels). Blood was sampled in a hematocrit tube (20 l) 1, 24, and 48 h before and 2.5, 5, 10, 24, 48, 72, 96, 120, 144, and 168 h after the transfer. Water intake was recorded from the next day after surgery to the last day of the experiment. Blood was centrifuged in a hematocrit centrifuge, and the plasma osmolality and hematocrit was measured as mentioned above.
To examine the long-term effects of AP lesioning, eels were maintained for 28 days after SW transfer (n ϭ 8 and 10 in sham controls and APx eels, respectively). FW eels were subjected to only operation on the brain. On the third day after surgery, FW-acclimated sham controls and APx eels were transferred to SW after acclimation in 50% SW for 2 h. Blood sampling was performed 1 h before transfer to 50% SW, and 2, 7, 14, 21, and 28 days after SW transfer for the measurement of plasma osmolality and hematocrit.
Histological analysis. To examine the extent of AP lesioning, eels were killed after the experiments, and the brain was taken out and fixed in Bouins fixative. After fixation for more than 24 h, the medulla oblongata was dissected and embedded in Paraplast Plus (McCormick Scientific, St. Louis, MO). Serial cross sections were cut at 10 m and stained with hematoxylin-eosin. The range of longitudinal lesioning was estimated by counting the number of section in which the lesioning was observed.
Statistical analyses. Relative changes in drinking were compared by the Mann Whitney U-test between sham controls and APx eels. Water intake, plasma osmolality, and hematocrit were compared between sham controls and APx eels by two-way ANOVA followed by Student's t-test (or Aspin-Welch test). Significance was determined at P Ͻ 0.05. All results are expressed as mean Ϯ SE.
RESULTS
Histological observation of APx. The AP is located on the dorsal wall of the medulla oblongata along the midsagittal line. Serial cross sections were made from the rostral to caudal end of the medulla oblongata encompassing the whole length of the AP to determine the extent of APx. We designated APx eels as those with more than ϳ60% longitudinal destruction. Typical examples of whole (Ͼ90%) and partial (90 -60% destruction) lesioning are shown in Fig. 1 . The lesioning was wholly performed from the rostral to caudal end and restricted to the AP in most cases, an example of which can be seen in APx#1 (Fig. 1B) . This eel was used in the injection study of antidipsogens and dipsogens and failed to respond to the administrated stimuli. The AP, which is ϳ1 mm in length when measured longitudinally, was partially destroyed in a few cases, as shown in APx#2 and APx#3 in which the APs were lesioned in the range of 100 to 700 m and 250 to 1,140 m from the rostral end of the AP, respectively. These eels were used in fistula drainage of ingested water, and plasma osmolality of these animals was high compared with that of sham controls. In addition, APx#4 failed to respond to dipsogenic and antidipsogenic treatments despite only partial lesioning of the caudal half of the AP (300 to 840 m), and plasma osmolality of APx#5 was high (435 mosmol/kgH 2 O) 4 wk after SW transfer with lesioning of a much smaller area (450 to 630 m) (see Supplemental Fig. S1 ).
Effect of APx on water intake after injection of hormones, and osmotic and volemic stimuli.
Changes in water intake after various stimuli for drinking are shown in APx eels and sham controls ( Fig. 2 and Table 1 ). Peripheral ANP and ghrelin injections decreased water intake to 35.9 and 26.2% of preinjection levels, respectively, in sham controls, but the antidipsogenic effect of these hormones was almost abolished in APx eels (Fig. 2, B and C) . ANG II transiently increased water intake for 5 min and induced delayed longer-lasting inhibition, and AP lesioning completely abolished the transient dipsogenic effect but not the secondary antidipsogenic effect (Fig. 2D) . In contrast, UII decreased water intake to 44.1% even after APx, which is comparable to the decrease to 27.1% in sham controls (Fig. 2E) .
After giving osmotic stimulus by injection of 1 M sucrose or 10% NaCl, water intake decreased to 58.1% and 66.3% in sham controls, respectively, and the inhibition was significantly diminished in APx eels (Fig. 2, F and G) . In treatment of hypervolemia (injection of 1 ml saline), inhibition of drink- ing was significant compared with the level before hypervolemia in APx eels (P Ͻ 0.05 in paired t-test). Nevertheless, the drinking rate was significantly higher in APx eels than in sham controls for 40 min after treatment (Fig. 2H) . Hypovolemia (1-ml hemorrhage) increased water intake in sham controls and the increase was significantly diminished by APx (Fig. 2I) . As it was likely that the dipsogenic effect of hypovolemia was affected by the basal drinking rate in sham controls, the additional animals were used by increasing the number to a total of 17 sham controls and 15 APx eels. The hypovolemiainduced water intake was more prominent in animals with low basal drinking rate, an effect that was abolished by APx ( Table 1) .
Effect of APx on water intake in SW eels with esophageal fistula. Drainage of ingested water increased plasma osmolality and decreased blood volume as shown by an increase in hematocrit in SW-acclimated eels (Fig. 3, A and B) . These changes in body fluid balance were accompanied by further increases in water intake of up to 30 times predrainage levels by 24 h after the start of drainage in sham controls (Fig. 3C) . In APx eels, however, the increase in water intake was much lower (Ͻ5 times) compared with sham controls, although the increases in plasma osmolality and hematocrit were comparable between the two groups of eels (Fig. 3C) .
Effect of APx on drinking and plasma osmolality after FW-SW transfer. After transfer from FW to SW, vigorous drinking occurred transiently in both APx eels and sham control eels (Fig. 4A) . Water intake decreased thereafter and reached its lowest point after 10 h and then increased again to a steady-state level in sham controls. However, changes in APx eels after the transfer were less dramatic, as supported by a general tendency and significant difference at 4 h after the transfer by Student's t-test (P Ͻ 0.05) (Fig. 4A) . Over a longer time course, water intake was lower in APx eels than sham controls from 12 h onward after SW transfer; the difference was statistically significant (P Ͻ 0.05) by two-way ANOVA (Fig. 4B) (Fig. 4C) . The change in plasma osmolality was higher in APx eels than sham controls (P Ͻ 0.001 by two-way ANOVA), and two out of 11 APx eels died within 1 wk after SW transfer with high plasma osmolality.
Effect of APx on plasma osmolality and mortality after SW transfer was examined for 4 wk. Consistent with the result of Fig. 4C , plasma osmolality tended to be higher in APx eels than in sham controls 1 wk after SW transfer (Fig. 4D) . In addition, the difference in plasma osmolality became greater thereafter, and plasma osmolality was 325.3 Ϯ 4.8 and 377.3 Ϯ 19.0 mosmol/kgH 2 O 4 wk after the transfer in sham controls and APx eels, respectively. All sham controls survived 4 wk after SW transfer, but two APx eels died within both 1 wk and 2 wk. The plasma osmolality of the 2 eels that died within 2 wk /kgH 2 O) Fig. 3 . Effects of AP lesioning on plasma osmolality (A), hematocrit value (B), and water intake (C) after drainage of ingested water. The gray zone in each graph represent the period of drainage. Water intake was significantly different between sham controls (n ϭ 8) and APx eels (n ϭ 7) by two-way ANOVA (P Ͻ 0.001). Values (%) represent the ratio of water intake for 30 min (10 min for ANG II) after each treatment to that before treatment (n ϭ 9 each group, unless otherwise marked). In hypovolemia, eels were categorized by water intake before hemorrhage. AP, area postrema; APx, AP lesion; ANP, atrial natriuretic peptide; D, water intake for 30 min before hemorrhage. The difference between sham controls and APx eels was compared by Mann Whitney's U-test (*P Ͻ 0.05, **P Ͻ 0.01).
was extremely high (486 and 573 mosmol/kgH 2 O) when measured 1 wk after transfer to SW.
DISCUSSION
In this study, we examined the role of the AP, a BBBdeficient circumventricular structure in the hindbrain in regulation of drinking in eels by its lesioning using heat coagulation. Since heat coagulation damages not only neurons but also neural fibers that pass through the AP, we previously compared the effects of heat coagulation and kainic acid (neurotoxin) injection into the AP on ANP-induced antidipsogenesis and obtained similar results (44) . Furthermore, we confirmed the extent of APx by histological examination in this study. Among APx eels, those with lesion at the dorsal surface of the AP (APx#1) and the caudal half (APx#4) lost responsiveness to all dipsogenic and antidipsogenic treatments, indicating that the dorsal area of the caudal half of the AP may be responsible for receiving circulating hormones. Furthermore, when APx#2 and APx#3, with lesion at the rostral and caudal half of the AP, respectively, were used in the esophageal fistula experiment, responses of drinking and plasma osmolality were lower and higher, respectively, compared with the average of those in sham controls. APx#5, the AP of which was destroyed only around the intermediate portion, showed increased plasma osmolality to 435 mosmol/kgH 2 O 4 wk after SW transfer. These observations may suggest that the area around the intermediate portion is involved in body fluid homeostasis. However, we were unable to ascribe regional differences in responses as the AP was partially heat-coagulated only in a few cases. Nevertheless, it is obvious that the AP serves as a central site responsible for SW acclimation by receiving various stimuli from the periphery.
Ghrelin secreted from the stomach was shown to be a potent antidipsogenic hormone in rats and eels (8, 25) and is as potent an antidipsogen as ANP when administered peripherally (Kaiya H and unpublished data). Ghrelin also increases appetite in rats (32) , and the orexigenic effect is diminished after lesion to the AP (6). In water-deprived rats, peripheral injections of ghrelin inhibits water intake with the activation of AP neurons but not those of the SFO and OVLT (8) . In this study, the antidipsogenic effect of peripherally injected ANP and ghrelin in eels was almost completely abolished after APx as was previously shown for ANP (44) . Although the expression of a receptor for ghrelin in the eel AP has yet to be confirmed, it is possible that the AP is the site of action of circulating hormones in the brain.
Vasopressor hormones are generally antidipsogenic in eels (13). However, as previously shown, ANG II, a potent vasopressor hormone in eels, induced transient drinking prior to prolonged inhibition when injected peripherally (35) . In the present study, the transient dipsogenic effect was abolished by AP lesioning but the prolonged inhibition was not, indicating that the dipsogenic effect is mediated through the AP. Drinking Fig. 4 . Effects of AP lesioning on water intake (A) for 1 day and (B) for 1 wk, respectively, and plasma osmolality (C) for 1 wk after seawater (SW) transfer of freshwater (FW)-acclimated eels. Water flow in the trough was changed from FW to SW 3 days after the operation. Dotted line represents changes from FW to SW. Water intake for 1 wk and plasma osmolality after the transfer was significantly different between sham controls (n ϭ 11) and APx eels (n ϭ 9) by 2-way ANOVA (P Ͻ 0.05 and P Ͻ 0.001, respectively). Statistical analyses were carried out using data of eels that survived for 1wk although 11 APx eels were initially used for this study. D: effects of AP lesioning on plasma osmolality for 4 wk after SW transfer of FW-acclimated eels. Plasma osmolality was significantly different between sham controls (n ϭ 8) and APx eels (n ϭ 6) by 2-way ANOVA (P Ͻ 0.001). Statistical analyses were carried out using data of eels that survived for 4 wk although 10 APx eels were initially used for this study. Values at each point were compared between sham controls and APx eels by Student's t-test or Aspin-Welch test (*P Ͻ 0.05).
rate was significantly higher in sham controls than APx eels until 25 min after injection, indicating that the dipsogenic effect apparently weakened the secondary antidipsogenic effect in sham controls. In mammals, the ANG II receptor is expressed in three sensory CVOs: the SFO, OVLT, and AP (28) , and it is thought that the dipsogenic effect of ANG II is mediated through the SFO and OVLT (29) . In eels, however, ANG II induced water intake when injected into the fourth ventricle near the AP (25) . Furthermore, the dipsogenic effect of peripheral ANG II was still observed even after removal of the forebrain where the SFO and OVLT should be located if they are present in eels (35) . Above all, despite intensive examination, the SFO and OVLT have yet to be identified in eels (31, 44) . With this in mind, the AP is most likely the site of action of circulating ANG II.
Unlike ANP and ghrelin, the antidipsogenic effect of UII was not diminished by AP lesioning. Peripheral injection of UII at 0.1 nmol/kg induced a long-lasting vasopressor effect in eels (33) . Increase in blood pressure generally depresses drinking, most likely via reflexgenic mechanisms (13) . The commissural nucleus of Cajal (NCC), homologous to the nucleus tractus solitarius of mammals, is innervated by viscerosensory neurons in the catfish, goldfish, and mullet (4, 7, 22) , just as the nucleus tractus solitarius is innervated by the sensory neurons from baroreceptors and visceral organs in mammals. In eels, the NCC neurons project to the glossopharyngeal-vagal motor complex neurons that project to the upper esophageal sphincter muscle to control drinking (17, 30) . Therefore, it is possible that the reflexgenic afferent input from peripheral baroreceptors activated the NCC neurons directly and inhibited drinking without mediation of the AP. Judging from the potent vasopressor effect, the secondary antidipsogenic effect of ANG II may be mediated by the same pathway.
Osmotic stimulus inhibited drinking in eels as previously reported (36) ; however, in the present study, this inhibition was abolished in APx eels. Osmotic stimuli also induced a release of ANP and ventricle natriuretic peptide from the heart of eels (20) , but the stimuli used in this study were weaker than those used previously and most likely not strong enough to induce secretion of natriuretic peptides (NPs) from the heart, suggesting the involvement of other factors. Recently, transient receptor potential vallinoid ion channels and sodium channel (Nax) were suggested as candidates for sensors of extracellular fluid osmolality and Na ϩ in mammals. Interestingly, these channels are highly expressed in the OVLT and SFO, the sensory CVOs important for drinking behavior in mammals and birds (29, 38) . Knockout of transient receptor potential vallinoid and Nax genes in mice induced abnormalities in drinking behavior after osmotic challenges (14, 26) . TRPVs have been identified in eels and other teleosts by molecular cloning and database searches, and mRNA has been detected in the hindbrain of eels (Nobata S and Takei Y, unpublished data) . Thus these channels may be potential candidates for detection of changes in extracellular osmolality and regulation of drinking in eels, although it should be noted that all neurons, not just those of the AP, can potentially sense and respond physiologically to changes in extracellular fluid osmolality.
Hypervolemia inhibited drinking to a comparable degree as observed for ANP and ghrelin, but the effect of AP lesioning on response to hypervolemia was reduced compared with its effect on ANP and ghrelin ( Table 1 ), indicating that volume expansion inhibits drinking through additional pathways aside from the AP. Hypervolemia generally induces hypertension, and afferent input originating from the baroreceptor reflex may inhibit drinking through pathways aside from the AP as described above. Hypervolemia by peripheral injection of an isotonic solution induces the release of ANP and ventricle natriuretic peptide from the heart in eels (20) , and both NPs are antidipsogenic to a similar degree (43) through the same NP receptor (23) . Thus, the antidipsogenic effect of volume expansion is attributable in part to their release. In this study, hypovolemia-induced drinking was diminished by AP lesioning. However, hypovolemia increased water intake only in eels whose basal drinking rate was low. As basal drinking rate is higher in SW fishes than in FW fishes (5, 11, 34) , 1 ml of hemorrhage may be insufficient to induce drinking in SW eels. As shown previously in eels, the dipsogenic effect of hypovolemia was inhibited by pretreatment of captopril, an inhibitor of angiotensin converting enzyme (1), and 1 ml of hemorrhageelevated plasma ANG II levels by four times (24) . As the dipsogenic effect of ANG II was abolished by AP lesioning, hypovolemia-induced drinking may be mostly due to increased plasma ANG II.
When ingested water was drained from the esophageal fistula, water intake increased profoundly with simultaneous severe hypovolemia and hyperosmolemia. In APx eels, the increase in water intake was greatly inhibited compared with sham controls despite a similar degree of body fluid disturbances. ANG II is a potent dipsogenic hormone in eels (42) and is involved in hypovolemia-induced water intake (1). Since the dipsogenic effect of ANG II was also abolished by AP lesioning, ANG II acting on the AP is one candidate for triggering vigorous drinking by SW eels with esophageal fistulas. Alternatively, isotocin, a potent dipsogenic hormone in eels (46) , is another candidate. It has been shown in mammals that AP lesioning inhibits the secretion of oxytocin (homolog of isotocin) in water-deprived rats (16) . Regardless of the particular hormone at work, it seems that the AP is involved in the regulation of drinking induced by the body fluid imbalance that occurs in SW.
SW transfer induced immediate vigorous drinking after AP lesioning, and water intake continued to be higher than the FW level thereafter. These findings indicate that reflex drinking caused by Cl Ϫ ions and basal drinking in SW is independent of the AP. As shown in Fig. 4A , however, AP lesioning may be involved in fine tuning of drinking rate after SW transfer. It is suggested that inhibition of drinking after immediate vigorous drinking in SW-transferred eels is due to a transient increase in circulating ANP concentration after SW transfer (20) . As the antidipsogenic effect of circulating ANP was diminished in APx eels (44) , the absence of the apparent inhibition of drinking after SW transfer in APx eels may be attributable to inability to detect circulating ANP.
Most APx eels increased basal drinking rate and survived after SW transfer, although the rate tended to be higher in sham controls than in APx eels. However, the increase in plasma osmolality became more apparent over time compared with sham controls. Likewise, APx eels showed greater disturbances to plasma osmolality than sham controls in SW when ingested water was drained despite the acquisition of water being similarly restricted in both groups (Fig. 3A) . These findings suggest that the AP is involved not only in the regulation of drinking but also in the regulation of ion extrusion via the gills or water absorption via the intestine. Although eels are constantly subjected to dehydration in SW, their body fluid balance appears to be strictly maintained to a set point value by regulation through the AP.
Perspectives and Significance
The present study suggests that the AP of eels is involved in the fine tuning of body fluid balance by the regulation of drinking particularly when they migrate into the SW. The AP is able to receive hormonal information from the blood and transmit the signal to the distal neural pathway that regulates drinking in eels (2) . In addition, the AP neurons are likely linked to the functions of the gills and intestine via the secretion of hormones or neural signals (15, 19) , and may act as the interneuron in the signal cascade originating from the forebrain and visceral sensors. In any case, it is certain that the AP in the hindbrain is the central regulatory site for body fluid homeostasis in eels. This is in contrast to the regulation in tetrapods in which the SFO and OVLT in the forebrain are central sites for such regulation. Therefore, it seems that the central site for body fluid homeostasis that has been accessed from the periphery has changed from the hindbrain to the forebrain during evolution from fish to tetrapods. The evolution of the central site for regulation of drinking coincides with the necessity of thirst arousal; fishes can drink ambient water simply by reflex swallowing but tetrapods must experience thirst to motivate them to seek water. Thus, the present study provides an example that illustrates the evolution of a physiological mechanism, regulation of drinking, during vertebrate phylogeny. It will be interesting to investigate when, during vertebrate evolution, the central regulatory site for body fluid homeostasis appeared in the forebrain. Semiaquatic amphibians ingest water by cutaneous drinking that is motivated by thirst (9) , and the presence of the SFO and rudimentary OVLT has been reported in the frog, Rana japonica (45) . Little is known about the role of CVOs in body fluid regulation in amphibians. In the future, anatomical and physiological studies using these animals that link aquatic fishes with terrestrial tetrapods will clarify the evolution of the neural network for body fluid regulation in vertebrates.
